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Neocortical neurons with similar functional proper-
ties assemble into spatially coherent circuits, but
it remains unclear how inhibitory interneurons are
organized. We applied in vivo two-photon functional
Ca2+ imaging and whole-cell recording of synaptic
currents to record visual responses of cortical
neurons and analyzed their spatial arrangements.
GABAergic interneurons were clustered in the 3D
space of the mouse visual cortex, and excitatory
neurons located within the clusters (insiders) had
a lower amplitude and sharper orientation tuning of
visual responses than outsiders. Inhibitory synaptic
currents recorded from the insiders were larger
than those of the outsiders. Single, isolated interneu-
rons did not show such a location-tuning/amplitude
relationship. The two principal subtypes of interneu-
rons, parvalbumin- and somatostatin-expressing
neurons, also formed clusters with only slightly
overlapping each other and exhibited a different
location-tuning relationship. These findings suggest
that GABAergic interneurons and their subgroups
form clusters to make their inhibitory function more
effective than isolated interneurons.INTRODUCTION
Neural circuits in the cerebral cortex consist primarily of
glutamatergic/excitatory and GABAergic/inhibitory neurons. In
the mammalian visual cortex, it was reported that neurons with
similar response properties are clustered to form an assembly
of cells like orientation columns (Hubel and Wiesel, 1977),
although such a columnar distribution of neurons was not de-
tected in the rodent (Ohki et al., 2005). Previous observations
on the spatial arrangement of functionally defined cortical cells1896 Cell Reports 9, 1896–1907, December 11, 2014 ª2014 The Autwere carried out in neurons that were not classified as excitatory
or inhibitory. Thus, the reported results were derived mostly
from excitatory neurons, because GABAergic interneurons
consist of only 15%–20% of neocortical neurons (Beaulieu,
1993). Therefore, it is not known whether functionally defined
GABAergic interneurons are located randomly or in any mean-
ingful arrangement in neocortex.
Recently, it was reported that inhibitory interneurons origi-
nating from the same progenitor cells were distributed in a clus-
tered manner in the developing neocortex (Brown et al., 2011;
Ciceri et al., 2013). In these studies, however, it is not clear
how long such a clustered distribution persists during postnatal
development. Furthermore, response properties of GABAergic
interneurons to sensory stimuli and those of adjacent excitatory
neurons were not studied at all. Even if such a clustered distribu-
tion of interneurons persists to the adulthood, it remains un-
known what is the functional significance of spatial clustering
of GABAergic interneurons in operation of cortical circuits.
GABAergic interneurons are divided into several subtypes
based on their immunochemical, morphological, and physiolog-
ical properties, and each interneuron subtype executes different
roles in cortical neural circuit function (DeFelipe, 1993; Fishell
and Rudy, 2011; Markram et al., 2004). In the mouse visual cor-
tex, for example, notable differences in visual response proper-
ties among specific subtypes of interneurons were reported,
although there were some inconsistencies regarding orientation
tuning of a particular type of interneurons (Atallah et al., 2012;
Hofer et al., 2011; Kerlin et al., 2010; Ma et al., 2010; Runyan
et al., 2010). The distinct functional roles of particular subtypes
of interneurons are suggested to be related to their spatial
arrangements in neural circuits (Freund and Katona, 2007; Ka-
waguchi and Kubota, 1997; Somogyi et al., 1998). However,
questions of how interneuron subtypes are arranged in the
3D space of visual cortex and whether they execute unique
functions within any potential spatial arrangements are not well
understood.
To address these questions, we applied in vivo two-
photon functional Ca2+ imaging and whole-cell recording of
synaptic currents to differentially measure visual responses ofhors
Figure 1. 3D Arrangements of the Three
Types of Cells in a Cube of 317 3 317 3
105 mm in Layer 2/3 of the Visual Cortex
(A) Images of the eight optical planes at the depth
from the cortical surface, as indicated at each
panel. Green, white, and red cells represent
GABAergic neurons, excitatory neurons, and
astrocytes, respectively. Scale bar in the top-left,
50 mm, applies to all of the other panels.
(B) Reconstructed 3D image of arrangement of
the three types of visually responsive cells. Blue,
red, and yellow circles represent the locations of
excitatory neurons (n = 563), GABAergic neurons
(n = 54), and astrocytes (n = 7), respectively. U, L,
and R at bottom indicate upper (dorsal), lateral,
and rostral direction of the cortex, respectively.
Scale bars represent 50 mm each.
(C) Visual responses of neurons, which were
located as shown by the same numbers in (B), to
stimuli moving in the eight directions as shown at
the top. Vertical gray stripes indicate the periods
when visual stimuli were given. Each trace repre-
sents the averaged fluorescence signals of four
trials. Calibration, 20% (DF/F0) and 10 s.GABAergic and excitatory neurons and analyzed their spatial ar-
rangements. We found that GABAergic interneurons were clus-
tered in the 3D space of the visual cortex, and excitatory neurons
located within the clusters (insiders) had a lower amplitude and
sharper orientation tuning of visual responses than the outsiders.
Inhibitory synaptic currents recorded form the insiders were
stronger than those of the outsiders. Nonclustered interneurons
did not show the location-tuning/amplitude relationship. The two
principal subtypes of GABAergic interneurons, parvalbumin- and
somatostatin-expressing neurons, also formed their own topo-
logical clusters, which had different effects on orientation tuning
of the insiders. Together, these findings suggest that spatial
clustering of GABAergic interneurons may make their inhibitory
function more effective than isolated interneurons.
RESULTS
Clustering of GABAergic Interneurons in the 3D Space
of Visual Cortex
In the first series of experiments, we injected fura-2 AM, a Ca2+-
sensitive indicator, together with sulforhodamine 101 (SR101),
which specifically stains astrocytes, through glass micropipettesCell Reports 9, 1896–1907, Deinto the binocular zone of the primary vi-
sual cortex of Vesicular GABA transporter
(VGAT)-Venus mice. The binocular zone
was identified with optical imaging of
cortical intrinsic signals evoked by visual
stimulation given to the ipsi- and contra-
lateral eye. By injecting the dyes into
several cortical sites separated by 300–
400 mm,we could stain almost all the cells
in the cube of about 4003 4003 300 mm
in layer 2/3 of the visual cortex. As
reported previously (Kameyama et al.,2010), the three groups of cells, Venus- and SR101-negative
cells (excitatory neurons), Venus-positive and SR101-negative
cells (GABAergic neurons), and Venus-negative and SR101-pos-
itive cells (astrocytes), were identified in each optical slice of the
visual cortex (Figure 1A). By superimposing seven to eight opti-
cal slices, we constructed locations of the three types of cells in a
3D cube of the visual cortex (Figure 1B; see also Movie S1). All of
the cells measured were located at the depth of 110–230 mm
from the cortical surface.
In five VGAT-Venus mice, 2,749 (43.8%) of 6,278 excitatory
neurons and 294 (42.8%) of 687 GABAergic interneurons were
significantly responsive to visual stimuli moving in the eight or
16 directions. Visual response was judged as significant if the
response amplitude to visual stimulation was more than two
SDs of the baseline fluorescence signals during the prestimula-
tion period. As shown in Figure 1C, most excitatory neurons
were orientation-selective, whereas most GABAergic neurons
were not selective. The mean orientation selectivity index (OSI)
of the 2,749 excitatory neurons was 0.260 ± 0.003 (SEM),
whereas that of the 294 GABAergic neurons was 0.144 ±
0.006. The difference between these values was statistically sig-
nificant (p < 0.01, Wilcoxon rank-sum test). The possibility thatcember 11, 2014 ª2014 The Authors 1897
Figure 2. Weighted Cell-to-Cell Distance Density of GABAergic
Neurons
(A) Scheme showing how WCDD is calculated.
(B) Two possible patterns of cell distribution: (1) If cells under consideration
(red) are clustered, then the distribution of their WCDDs is different from that of
the randomly shuffled value, and (2) if cells are distributed randomly, then the
distribution of their WCDDs is not different from that of the randomly shuffled
value.
(C) Cumulative curves of the proportion of WCDDs of the 294 GABAergic
neuron locations (solid line) and that of randomly shuffled cell locations (gray
line). For each of the individual mice, the shuffling wasmade 100 times, and the
WCDD values were compared with the experimentally obtained values (see
Figure S2). Results from the five mice were combined, and the number of
shuffled locations was 29,400. **Statistically significant difference at p < 0.01.
CI (clustering index) was 1.2.expression of Venus fluorescence protein causes differences
in the responsiveness of cortical neurons seems unlikely, as
mentioned previously (Kameyama et al., 2010). In fact, the pro-
portion of the visually responsive neurons was close to the1898 Cell Reports 9, 1896–1907, December 11, 2014 ª2014 The Autvalues reported previously using a drifting grating (Kameyama
et al., 2010; Kerlin et al., 2010; Ohki et al., 2005; Sohya et al.,
2007) or sparse-noise (Smith and Ha¨usser, 2010) visual stimula-
tion with the two-photon functional Ca2+ imaging, although the
different stimulation protocols yielded different values (Gandhi
et al., 2008). Astrocytes and visually unresponsive neurons
were not further analyzed in the present study.
An example of location of the three types of cells in the cortical
cube of 317 3 317 3 105 mm is shown in Figure 1B. In this 3D
arrangement of cell location, we observed that GABAergic neu-
rons were not evenly scattered but located in a clusteredmanner
(see alsoMovie S1). To quantitatively examine whether they form
a cluster of neurons and if sowhat dimensions, we calculated the
weighted cell-to-cell distance density (WCDD) of GABAergic
neurons as follows:
WCDD=
XN
i
exp

d2i
 2s2;
where di is the distance from a target GABAergic neuron
to another GABAergic neuron i (Figure 2A). The half-width at
half-maximum (HWHM) of the exponential curve is set to be
34.2 mm (Figure S1A) on the basis that the mean value of the
distance where fast-spiking GABAergic neurons gave inhibitory
influences to nearby pyramidal cells was 34.2 mm (Jiang et al.,
2010). This value is close to the mean nearest neighbor distance
between the 294 GABAergic neurons, as detailed later. If
GABAergic neurons are located in a clustered manner, the value
ofWCDD is expected to be different from that of GABAergic neu-
ronswhose locations are randomly shuffled (Figure 2B-1). On the
other hand, if GABAergic neurons are located in a random
manner, the WCDD value is expected to be not different from
that of randomly shuffled location (Figure 2B-2). In the present
study, we found that the WCDD value of the 294 GABAergic
neurons (2.99 ± 0.08) was significantly (p < 0.01) different from
randomly shuffled locations of neurons (2.53 ± 0.01; Figure 2C).
To see the magnitude of the clustering, we calculated theWCDD
clustering index as the mean WCDD value for experimental
distribution divided by that for random distribution (Figure S1B).
Then, we tested an individual variation among animals. In all
of the five mice a significant difference was observed between
the WCDD values obtained experimentally and those with
random shuffling (Figure S2).
The value of 34.2 mm that was used as the HWHM for the
WCDD calculation in the present analysis might be too small,
considering a recent report that the spatial decay constant of
connections from PV-positive neurons to pyramidal cells in layer
2/3 of the somatosensory cortex was 124 mm (Packer and Yuste,
2011). Therefore, we recalculated WCDD by setting the HWHM
at 50, 75, 100, and 125 mm. In any of these cases, the WCDD
values of GABAergic neurons were significantly different from
the randomly shuffled values (Figure S3). These results suggest
that the HWHMs in the range from 34.2 to 125 mm did not signif-
icantly affect the difference in WCDD between experimental and
shuffled values.
To further confirm that the distribution of GABAergic neurons
was not random, we performed another analysis called the
nearest neighbor distance (NND) analysis (Diggle, 2003). Thishors
analysis is expected to indicate whether the distribution of cells
is randomly spaced or not, although it will not show the 3D struc-
ture of densely located areas. The values of NND obtained from
the 294 GABAergic neurons (31.1 ± 0.86 mm) were significantly
(p < 0.01) different from randomly shuffled values (34.5 ±
0.08 mm), indicating that the distribution of the GABAergic
neurons was not random.
Difference in Visual Responses of Excitatory Neurons
between Inside andOutsideGABAergic NeuronClusters
The results mentioned above suggest that the distribution of
GABAergic neurons was not evenly scattered but clustered in
cortical layer 2/3. Then, we attempted to demarcate the 3D
area of GABAergic neuron clusters. For this, we calculated the
weighted pixel-to-cell distance density (WPDD) of GABAergic
neurons in the same way as the WCDD (Figure 3A). An area
with a WPDD larger than the mean including the area 20 mm
from its border was defined as a clustered area (hazy area of Fig-
ure 3A), considering the soma diameter ofmost GABAergic inter-
neurons (Peters and Kara, 1985). In the 3D cube of the visual
cortex, an image of clustered area (hazy area) was visualized as
a ‘‘nebula-like’’ region, as shown in Figure 3B (see alsoMovieS2).
Then, we found that the orientation tuning of excitatory neu-
rons located far from the GABAergic neuron clusters was rela-
tively wide (Figure 3C, cell 2). To quantitatively evaluate the
orientation tuning of cortical neurons, we calculated the half-
width at half-height of the tuning curve of visual responses
(Carandini and Ferster, 2000) of excitatory neurons located at
a given distance from the border of the clustered area of
GABAergic neurons. As shown in the top of Figure 3D (black
points connected with solid lines), the mean tuning width
(44.5 ± 0.7) of the 984 excitatory neurons located inside the
clusters (insiders) was significantly (p < 0.01) smaller than those
of the 1,357 and 408 excitatory neurons, which were located
outside the clusters up to 50 mm (near-outsiders) and further
far (far-outsiders) from the cluster border (47.5 ± 0.6 and
51.0 ± 1.1, respectively). To confirm that this difference was
related to the location of neurons, we randomly shuffled their
location and found that the difference disappeared (gray points
connected with broken lines). We also tested whether single,
nonclustered GABAergic neurons show any distance-tuning
relationship with neighboring excitatory neurons. To exclude
the effect of clustering, the analysis was made in far-outsiders.
As seen in the bottom of Figure 3D, the mean tuning width of the
281 excitatory neurons located 050 mm from single GABAergic
neurons (50.7 ± 1.3) was not significantly different from that
(51.7 ± 2.0) of the 127 excitatory neurons located >50 mm
from single GABAergic neurons.
We also calculated the orientation selectivity index (OSI), as
reported previously (Sohya et al., 2007). With this indicator, we
obtained the essentially same results as those analyzed with
the tuning width. As seen in Figure 3E (top), the mean OSI of
the 984 insiders (0.280 ± 0.006) was significantly (p < 0.01) higher
than those of the 1,357 near- and 408 far-outsiders (0.254 ±
0.005 and 0.230 ± 0.008, respectively). Again, we randomly shuf-
fled their locations and confirmed that the difference disap-
peared (gray points connected with broken lines). As shown in
Figure 3E (bottom), there was no significant relation betweenCell Rethe OSI values of excitatory neurons and the distance from
single GABAergic neurons (0.225 ± 0.009 and 0.241 ± 0.016 at
050 mm and > 50 mm, respectively).
We also found that themean amplitudes of visual responses of
the insiders were mostly lower than those of the outsiders (see
Figure 3C). This was confirmed by the group analysis of all excit-
atory neurons (Figure 3F, top). The mean response amplitude of
the 984 insiders (6.41% ± 0.16%) was smaller than that of the
1,357 near-outsiders (7.06% ± 0.15%) and the 408 far-outsiders
(8.82% ± 0.52%). The differences between the former and latter
two values were statistically significant (p < 0.05 and 0.01,
respectively). To confirm that this difference was related to the
location of neurons, we randomly shuffled their locations and
found that the difference disappeared (gray points connected
with broken lines). We then tested whether single GABAergic
neurons show any distance-amplitude relationship with neigh-
boring excitatory neurons. As seen in Figure 3F (bottom), there
was no significant relation between the response amplitude
of excitatory neurons and the distance from single GABAergic
neurons (8.42% ± 0.41% and 9.71% ± 1.40% at 050 mm
and > 50 mm, respectively).
The results shown in Figures 3D–3F were obtained by setting
the HWHM value forWPDD calculation at 34.2 mm, asmentioned
before. To test whether these results are robust to changes in
HWHM, we varied the value in the range of 20–50 mm and ob-
tained the results confirming robustness (Figure S4). According
to the definition of clustered area of GABAergic neurons, the in-
side areas of the clusters have higher WPDD values than the
outside areas, and thus the visual responses of excitatory
neurons would correlate not only with the distance from the clus-
tered areas, but also with the local density of GABAergic neu-
rons. As expected, we found a clear correlation between the
three response properties of excitatory neurons and the WCDD
value that represents the local density of GABAergic neurons
around each excitatory neuron (Figure S5).
Clustering of GABAergic Neurons that Express a
Genetically Encoded Ca2+ Indicator
In the method of bolus loading with fura-2 AM there is a possibil-
ity that the staining of cortical neurons might not be uniform so
as to yield a biased distribution of visually responsive neurons.
To overcome such a possible problem, we employed Dlx5/6-
Flpe;R26-CAG-FRT-GCaMP3 transgenic mice (Dlx5/6-GCaMP3
mice) in which GABAergic neurons express a genetically en-
coded Ca2+ indicator, GCaMP3 (Tian et al., 2009). In the visual
cortex of these mice, we could identify the 3D location of
GGaMP3-positive cells (Figure 4A). With immunohistochemistry,
we confirmed that 96% of GGaMP3-positive cells were GABA
positive. Then, we tested whether GGaMP3-positive cells were
located in a clustered manner in the visual cortex. The mean
WCDD value of the location of GCaMP3-positive cells (2.57 ±
0.03) was significantly (p < 0.01) different from that (2.34 ±
0.002) of random distribution (Figure 4C), indicating that
GABAergic neurons were distributed in a clustered manner.
Also, we calculated the WPDD as in the VGAT-Venus mice and
located the clustered areas of GABAergic neurons in the visual
cortex of the GGaMP3 transgenic mice (Figure 4D; see also
Movie S3).ports 9, 1896–1907, December 11, 2014 ª2014 The Authors 1899
Figure 3. Clustered Distribution of GABAergic Neurons and Differences in Visual Responses of Excitatory Neurons between Inside and
Outside Clusters
(A) Scheme showing how weighted pixel-to-cell distance density is calculated. Gray pixels indicate clustered area.
(B) 3D image of the clustered area (hazy area) of GABAergic neurons. Blue, red, and yellow circles represent the locations of excitatory neurons, GABAergic
neurons, and astrocytes, respectively.
(C) Responses of an excitatory neuron located inside GABAergic neuron clusters to visual stimuli moving as shown at top and those of another excitatory neuron
located outside. The location of these cells is indicated in (B).
(D) Top, mean tuning width of excitatory neurons located as indicated in the abscissa. Vertical bars represent mean ± SEM. Double asterisks indicate statistically
significant (p < 0.01) difference between two values. The tuning width was defined as the half-width at the half-height of the tuning curve. The number of cells is
shown at top. Bottom, mean tuning width of excitatory neurons, which were located at the indicated distance from single GABAergic neurons.
(E) Top, mean OSIs of excitatory neurons located as indicated in the abscissa. *Statistically significant difference (p < 0.05). Other conventions are the same as in
(D). Bottom, mean OSIs of excitatory neurons, which were located at the indicated distance from single GABAergic neurons.
(F) Top, mean response amplitudes of excitatory neurons, which were located as indicated in the abscissa. Bottom, mean response amplitudes of excitatory
neurons, which were located at the indicated distance from single GABAergic neurons.Stronger Inhibition on Excitatory Neurons inside
GABAergic Neuron Clusters than outside
The present results that excitatory neurons inside GABAergic
neuron clusters had sharper orientation tuning and lower
response amplitude than outsiders suggest that inhibition on1900 Cell Reports 9, 1896–1907, December 11, 2014 ª2014 The Autexcitatory neurons might be stronger inside the GABAergic
neuron clusters than outside. To directly compare the strength
of inhibitory action on excitatory neurons between inside and
outside, we recorded inhibitory postsynaptic currents (IPSCs)
from GCaMP3-negative cells with the patch-clamp whole-cellhors
Figure 4. 3D Clustering of GABAergic Neu-
rons in the Visual Cortex of GCaMP3 Mice
(A) Cumulative images of 12 optical planes of the
visual cortex obtained from a Dlx5/6-GCaMP3
mouse.
(B) Visual responses of three representative
GABAergic neurons, whichwere located as shown
in (D). Moving visual stimuli were given, as indi-
cated at top.
(C) Cumulative curves of the proportion of WCDDs
of the 1,001 GABAergic neuron locations in the
eight Dlx5/6-GCaMP3 mice (solid line) and that of
random locations (gray line). For each mouse, the
set of random locations was generated 100 times,
and the results in the eight mice were combined so
that the number of locations is 100,100. **Statis-
tically significant difference at p < 0.01. CI was 1.1.
(D) The 3D arrangement of the location of
GABAergic neurons. Gray cloudy areas indicate
the clustered region of GABAergic neurons.recording method (Figure 5A). IPSCs were recorded at the hold-
ing membrane potentials of 0 mV, as reported previously (Jiang
et al., 2010). The morphology of cells into which Alexa 594 was
injected through recording pipettes confirmed that the recorded
neurons were pyramidal cells. The relative location of recorded
cells to GABAergic neuron clusters was identified after the 3D
analysis of location of GCaMP3-positive cells. This 3D analysis
was made in a blind manner to the electrophysiological analysis.
We found that the magnitudes of visually evoked IPSCs of the
insiders were larger than those of the outsiders, as shown in
Figure 5B. The peak amplitudes of visually evoked IPSCs of six
insiders were mostly higher than those of nine outsiders at the
eight stimulus directions (Figure 5C). The mean amplitude of
visually evoked IPSCs of the six insiders (535 ± 104 pA) was
significantly (p < 0.01) larger than that of the nine outsiders
(194 ± 42 pA; Figure 5D).
We also found that the frequency of spontaneously occurring
IPSCs (sIPSCs) of the excitatory neurons located inside the
GABAergic neuron clusters was higher than that of outsiders
(Figure 5E). The mean frequency of sIPSCs recorded from the
six insiders (28.3 ± 2.8 events/s) was significantly (p < 0.01)
higher than that of the nine outsiders (16.3 ± 3.2 events/s; Fig-
ure 5F). This was confirmed by the cumulative curve of interevent
intervals (Figure 5G).
Classification of GABAergic Interneurons into Two
Principal Subtypes
GABAergic interneurons are divided into several subtypes based
on their immunochemical, morphological, and physiologicalCell Reports 9, 1896–1907, Deproperties. Among these subtypes, the
principal groups in the rodent neocortex
are interneurons, which express PV or
SOM, although other subtypes of inter-
neurons such as those expressing 5-hy-
droxytryptamine 3A receptors (5HT3aR)
and vasoactive intestinal polypeptide
(VIP) exist abundantly in superficial layersof the mouse neocortex (Rudy et al., 2011). To see how those
two subtypes of interneurons are distributed in the 3D space of
the visual cortex, we used PV/myristoylationGFP-low-density
lipoprotein receptor C-terminal BAC transgenic mice (PV/
myrGFP-LDLRct mice), which express somatodendritic-mem-
brane-targeted EGFP (myrGFP-LDLRct) in PV neurons (Kameda
et al., 2012). In these mice, SOM neurons were identified with
immunohistochemistry after the recording experiments (Figures
6A–6C), and visually responsive neurons of this type were
incorporated into the 3D cube of visual cortex together with PV
neurons and the other visually responsive neurons (Figure 6D).
A total of 57 PV and 51 SOM neurons were analyzed in the
three PV/myrGFP-LDLRct mice. Among these interneurons,
one neuron was both PV and SOM positive.
3D Arrangement of Clusters for Each Interneuron
Subtype
Then, we addressed a question of whether each of the two sub-
types of interneurons is distributed in a clustered manner in the
3D space of layer 2/3 of the visual cortex. We calculated the
WCDD values for each subtype of interneurons and compared
thesevalueswith randomlyshuffledvalues.Asshown inFigure6E,
each subtype of interneurons showed the different WCDD from
the randomly shuffled locations, indicating the clustered distribu-
tion. The significant difference from the randomly shuffled value
for each subtype of interneurons was confirmed also in each an-
imal (Figure S6). Thus, we visualized the clustered area for each
subtype of interneurons in the 3D cube (317 3 3173 105 mm) of
layer 2/3 of the visual cortex (Figure 6F; see also Movie S4). Ascember 11, 2014 ª2014 The Authors 1901
Figure 5. IPSCs Recorded from Excitatory
Neurons Inside and Outside GABAergic
Neuron Clusters
(A) Two-photon image of an excitatory neuron
labeled with Alexa 594 (red) through a recording
pipette and GABAergic neurons expressing
GCaMP3 (green). Scale bar represents 30 mm.
(B) Visually evoked IPSCs of excitatory neurons
located inside (top) and outside (bottom) of
GABAergic neuron clusters. Visual stimuli moving
as shown at top were given during the period
indicated by gray vertical stripes.
(C) Peak amplitude of IPSCs of six insiders (red)
and nine outsiders (blue) evoked by visual stimu-
lation moving in the direction as indicated in the
abscissa.
(D) Mean peak amplitudes of eight visually evoked
IPSCs for each of the six insiders (circles) and
nine outsiders (triangles). The mean and SEM are
shown in the right of each column.
(E) Representative traces showing spontaneously
generated IPSCs (sIPSCs) recorded from an in-
sider (top) and an outsider (bottom).
(F) The mean and SEMs of the frequency of
sIPSCs recorded from the six insiders (left) and
nine outsiders (right).
(G) Cumulative curves of interevent intervals
between sIPSCs of insiders (red) and outsiders
(blue). The mean values and numbers of events
were 33.2 ± 0.5 ms and 3,872 for the insiders and
44.8 ± 1.2 ms and 4,497 for the outsiders,
respectively.
In (D), (F), and (G), * and ** indicate the statistically
significant difference between two values (p < 0.05
and < 0.01, respectively).seen in this figure, each subtype of interneurons formed one to
three clusters. Then, we calculated the volume of the individual
clusters of each subtype of interneurons (Figure 6G). The mean
volumes of four PV and six SOM neuron clusters were 1.16 ±
0.28 and 0.60 ± 0.17 3 106 mm3, respectively. We also found
that the clustered areas of each subtype of interneurons were
mostly not overlapped with those of the other subtypes of inter-
neurons. To quantitatively analyze this finding, we calculated
the overlapping ratios of the volume of clusters of each subtype
of interneurons. As shown in Figure 6H, the overlapped volumes1902 Cell Reports 9, 1896–1907, December 11, 2014 ª2014 The Authorsof both types of interneurons were only
8.6%±5.1%and16.9%±9.3%of thevol-
umes of PV and SOM neuron clusters,
respectively. These results suggest that
the clusters of each subtype of inter-
neurons were mostly separated from
each other.
Tuning and Amplitude of Visual
Responses of Excitatory Neurons
Inside and Outside of PV or SOM
Neuron Clusters
Finally, we addressed the question of
whether the clusters of each subtype ofinterneurons have any relationship with the orientation tuning
and amplitude of visual responses of excitatory neurons located
inside and outside the clusters. Thus, we calculated the mean
tuning widths, OSIs, and response amplitudes of the non-PV
and non-SOM neurons inside or outside the clusters of each
subtype of interneurons. Because 80%–85% of cortical neurons
are excitatory and PV and SOM neurons make up approximately
60%–70% of all GABAergic neurons in the mouse neocortex
(Gonchar et al., 2007; Rudy et al., 2011; Xu et al., 2010), non-
PV and non-SOM neurons are mostly excitatory neurons, and
Figure 6. Identification of the Recorded
Interneurons of the Two Subtypes and
Clusters of these Interneurons
(A) Superposition of PV and SOM neurons
colored in green and red, respectively. PV neurons
were visualized in vivo and SOM neurons were
immunohistochemically stained and visualized
ex vivo after the recording. Scale bar represents
30 mm.
(B) Fura-2-labeled cells in the in vivo recorded
images.
(C) Superposed images of (A) and (B).
(D) 3D arrangement of interneurons of the three
groups that are color coded as indicated below.
Putative excitatory neurons are indicated by
gray circles (n = 324). In this mouse, the numbers
of PV-, SOM-, and both PV- and SOM-expressing
interneurons were 21, 18, and 1, respectively.
Scales and other conventions are the same as in
Figure 1B.
(E) Cumulative curves of the proportion of WCDDs
of the 57 PV and 51 SOM neuron locations in the
three PV/myrGFP-LDLRct mice (mean ± SEM,
1.82 ± 0.07 and 1.72 ± 0.07, respectively) (solid
lines) and those of randomly shuffled cell locations
(1.52 ± 0.01 and 1.48 ± 0.01, respectively) (gray
lines). For each mouse, the shuffling was made
100 times for each type of interneurons, and the
results were combined, so the numbers of ran-
domized locations of PV and SOM neurons were
5,700 and 5,100, respectively. **Statistically sig-
nificant difference at p < 0.01. CI was 1.2 each.
(F) 3D arrangement of the clusters of the two
interneuron subtypes indicated by different colors
as shown at bottom. Scales are the same as (D).
(G) Volumes of clustered areas for the two inter-
neuron subtypes in the three mice.
(H) The ratios of the overlapping volumes of the
clusters to those of the clusters of the two sub-
types of interneurons. P&S indicates the over-
lapping volume of PV and SOM neuron clusters,
and thus P&S/PV indicates the ratio of this over-
lapping volume to the volume of PV neuron cluster.
The same convention applies to the other column.
The vertical bars indicate mean ± SEMs.thus called putative excitatory neurons in the present study. As
shown in Figure 7A, the mean tuning width of putative excitatory
neurons inside SOM neuron clusters (35.4 ± 2.2) was signifi-
cantly (p < 0.01) smaller than that of the outsiders (42.3 ±
1.4), whereas that of PV neuron clusters (38.7 ± 2.1) was not
significantly different. On the other hand, the mean OSIs of the
insiders of the PV neuron clusters as well as those of SOMCell Reports 9, 1896–1907, Deneuron clusters were significantly (p <
0.01) larger than that of the outsiders
(Figure 7B).
Then, we analyzed the amplitudes of vi-
sual responses of the putative excitatory
neurons to stimuli at the optimal and
nonoptimal orientations. As shown in Fig-
ure 7C, the mean amplitudes of the 88 in-
siders of PV neuron clusters (shown inblue) were generally lower than those of the 218 outsiders (in
gray) at all orientations. On the other hand, the mean amplitude
of the 65 insiders of SOM neuron clusters (in red) at the optimal
orientation was not significantly different from that of the out-
siders. Also, it is to be noted in this group of insiders that the
response at +45 to the optimal was distinctly smaller than the
corresponding value of the outsiders (1.96% ± 0.23% versuscember 11, 2014 ª2014 The Authors 1903
Figure 7. Orientation Tuning and Response Amplitudes of Putative
Excitatory Neurons Located Inside and Outside of PV and SOM
Neuron Clusters
(A) Mean half-width of response tuning curve of putative excitatory neurons
inside PV (blue) and SOM (red) neuron clusters and outside (gray) both types
of clusters.
(B) Mean OSIs of putative excitatory neurons inside PV (blue) and SOM (red)
neuron clusters and outside (gray) both types of clusters. The mean ± SEM of
OSIs of neurons of each group were 0.351 ± 0.019, 0.344 ± 0.019, and 0.294 ±
0.013, respectively. In (A) and (B), the insiders of both types of clusters and
the outsiders located less than 50 mm from the border of either type of clusters
are not included to minimize possible contiguous effects of the clusters.
(C) Mean response amplitudes of putative excitatory neurons located inside PV
neuronclusters (blue lines) andSOMneuronclusters (red lines) andoutsideboth
clusters (gray lines) to stimulation at optimal orientation, and at ±45 and 90 to
the optimal. Themean values at each orientation for the insiders of PV andSOM
neuron clusters and outsiders were 1.83% ± 0.17%, 2.42% ± 0.22%, and
2.56% ± 0.17% at45; 4.40% ± 0.32%, 5.17% ± 0.38%, and 5.78% ± 0.35%
at optimal; 2.00% ± 0.18%, 1.96% ± 0.23%, and 3.02% ± 0.22% at +45;
1.53% ± 0.16%, 1.86% ± 0.22%, and 2.52% ± 0.21% at 90, respectively.
1904 Cell Reports 9, 1896–1907, December 11, 2014 ª2014 The Aut3.02% ± 0.22%, p < 0.01). To make this difference clearer, we
normalized the response amplitudes at the three orientations
to the optimal (Figure 7D). At +45 to the optimal, the relative
response magnitude of the insiders of SOM neuron clusters
was much smaller than that of the outsiders so that the tuning
width of the SOM cluster insiders (double-pointed, horizontal
arrows in red) was obviously narrower than that of the outsiders
(in gray).
We also examined the influence of the clustering of PV and
SOM neurons on their own visual responses (Figure S7) and
found a significant (p < 0.05) difference in the mean OSI of PV
neurons between inside and far outside of their own clusters
(Figure S7A). On the other hand, SOM neurons did not show
any significant difference in the three parameters of visual
responses between inside and outside of their own clusters (Fig-
ure S7B). Also, it is to be noted that the mean OSI value of the
insider PV neurons (0.200 ± 0.024) was significantly (p < 0.05)
lower than that of the insider SOM neurons (0.287 ± 0.032).
DISCUSSION
Functional Significance of Interneuron Clustering in
Neocortex
In the neocortex of mammals, the functional implication of why
many neurons with similar response properties are located in
tight topological clusters is poorly understood. The present re-
sults that GABAergic interneurons form a clustered distribution
in the 3D space of the cortex and excitatory neurons located
within the clusters show stronger inhibitory postsynaptic
currents than outsiders suggest that clustering of interneurons
may make their inhibitory function stronger. This suggestion ob-
tainedwith electrophysiology is consistent with the Ca2+ imaging
results that the insider excitatory neurons have sharper orienta-
tion tuning and lower response amplitude than the outsiders,
because it is known that GABAergic inhibition may play a role
in controlling tuning and gain of visual responses of their neigh-
boring neurons (Ferster and Miller, 2000; Isaacson and Scan-
ziani, 2011; Katzner et al., 2011; Liu et al., 2011).
It was reported that the contribution of single neurons to activ-
ities of other neocortical neurons, even if they are located side
by side, is very low (Mason et al., 1991; Thomson and Deuchars,
1997), and neocortical pyramidal cells are reciprocally con-
nected with more than 100 fast-spiking GABAergic neurons
(Holmgren et al., 2003). These results suggest that the contribu-
tion of single presynaptic GABAergic neurons to the activities of
postsynaptic partners may be very small in the neocortex. This
suggestion seems consistent with the present results that single,
isolated interneurons did not show the location-tuning/amplitude
relationship that GABAergic neuron clusters did. This further
suggests that the weak efficacy of single GABAergic neurons
may be overcome by grouping closely located neurons of the
same type. Thus, the present findings shed an insight into a
functional role of neuronal clustering in operation of neocortical
circuits.(D) Normalized response amplitudes of those shown in (C). Horizontal bars
with two-directional arrows indicate the full-width at half-height of the plotted
curves.
hors
In the developing neocortex of very young mice, it was
reported that inhibitory interneurons originating from the same
progenitor cells were distributed in a clustered manner, although
visual responsiveness of these interneurons was not studied
(Brown et al., 2011; Ciceri et al., 2013). It seems possible that
those interneurons might form functional clusters of neurons
with similar responsiveness after eye opening, because ‘‘sister’’
neurons in the same radial clone exhibit similar orientation
preferences (Li et al., 2012; Ohtsuki et al., 2012). However, the
previous findings were obtained from excitatory or unclassified
neurons, and thus a question of whether inhibitory interneurons
derived from the same progenitor cells have similar visual
response properties is still open to be addressed in future
studies.
Clustering of PV and SOM Neurons
The present results demonstrate that each group of PV- and
SOM-expressing neurons was clustered in a mostly separated
manner in the 3D space of layer 2/3 of the mouse visual cortex.
Furthermore, the orientation tuning width of putative excitatory
neurons located inside the SOM neuron clusters was narrower
than that of the outsiders, whereas the insiders of the PV neuron
clusters did not have significantly different tuning width from the
outsiders. Regarding the OSI value, the insiders of both groups
of neuron clusters had higher mean values than the outsiders.
The OSI is an indicator of an overall selectivity including the un-
tuned baseline value of the orientation-tuning curve and affected
by suppression of the untuned responses (Xing et al., 2011),
whereas the half-width is generally independent of the baseline
value (Carandini and Ferster, 2000). In PV neuron clusters, the
untuned responses of the insiders might be suppressed by
inhibitory actions of clusters more effectively than the tuned
responses, and consequently the OSI value was changed while
the tuning width was not. This view seems consistent with the
linear-threshold model in which the activation/suppression of
PV neurons linearly scales responsiveness of nearby pyramidal
cells, and thus the tuning width of the nearby cells is expected
to change only when the PV neurons strongly suppress the un-
tuned responses to baseline (Atallah et al., 2012). In SOM neu-
rons, on the other hand, the amplitudes of the tuned response
at the side of the optimal stimuli might be more preferentially
suppressed by the inhibitory action of the clusters, and thus
both tuning width and OSI were affected. Thus, it is possible
to interpret that the inhibitory action of PV neuron clusters on
inside pyramidal neurons might be the general suppressive
effect, whereas that of SOM neuron clusters might be more
input-specific suppression on stimuli side to the optimal.
Regarding the location of inhibitory synapses, it is known
that PV neurons make effective synapses on proximal parts of
dendrites or soma of pyramidal cells, whereas SOM neurons
make synapses on the relatively distal dendrites (Freund and
Katona, 2007; Kawaguchi and Kubota, 1997; Somogyi et al.,
1998). These regional characteristics of SOM neuron-derived
synapses might be related to the present observation that the
tuned response at the side of the optimal stimulus was more
preferentially suppressed inside of the SOM neuron clusters.
The relatively distant location of synapses raises another possi-
bility that inhibitory inputs from SOM neurons might not be wellCell Reobserved with somatic recordings from pyramidal cells. This
possibility seems low, however, because it is known that electri-
cal stimulation of a SOM neuron induced remarkable unitary
IPSCs in a pyramidal cell located in layer 2/3 of the mouse
somatosensory cortex (Xu et al., 2013).
Mostly Separated Clusters of Each Subtype of
Interneurons
In the present study, we found that each of PV and SOM neurons
formed their own clusters, although minor portions of the
clusters were overlapped. This nearly separate clustering of
each subtype of interneurons might reflect the formation of tight
connections of interneurons within the same group. In fact, it is
known that there are tight functional connections via gap junc-
tion coupling between inhibitory interneurons of the same sub-
type, but such gap junctions are rare between different subtypes
of interneurons (Galarreta and Hestrin, 1999; Meyer et al., 2002).
Thus, the same type of interneurons that are connected with gap
junctions may form their own clusters in an independent manner
from the clusters of the other subtypes of interneurons. Electrical
coupling via gap junctions is suggested to play a role in genera-
tion of synchronized neural activities (Buzsa´ki and Chrobak,
1995; Tama´s et al., 2000). Therefore, it is possible to interpret
that electrical coupling of clustered interneurons of the same
type may generate synchronized activity so as to make their
inhibitory function stronger inside the clusters.
Effectiveness of 3D Analysis for Detection of
Interneuron Clusters
In this study, we have demonstrated that GABAergic neurons
and their two principal subtypes formed topological clusters
in the 3D space of superficial layers of the visual cortex. No pre-
vious studies have reported that GABAergic neurons or any
subtype of interneuron in the visual cortex are distributed in a
clustered manner, except for clonal clustering in the immature
neocortex (Brown et al., 2011; Ciceri et al., 2013). In the cat,
for example, it was reported that PV-positive neurons in layer
2/3 of the visual cortex were distributed in a random manner
(Fukuda et al., 2006). We believe that functional clusters of inter-
neurons may have been overlooked, because nearly all previous
studies were carried out with the 2D analysis. Thus, the clustered
distribution of GABAergic neurons or their subtypes may be
detectable in the 3D analysis but may not easily be detectable
in the 2D analysis of cell location in the visual cortex. In fact,
the number of cells sampled in a single plane of the cortex in
the present study was much smaller than that in the 3D cube
of the cortex, and thus it was more difficult to detect clusters
via the 2D analysis.
EXPERIMENTAL PROCEDURES
Animal Preparations
All experimental procedures were carried out in accordance with the guide-
lines of the Animal Experiment Committee of RIKEN Brain Science Institute.
Vesicular GABA transporter (VGAT)-Venus transgenic mice of either sex that
express Venus in GABAergic neurons were used at postnatal days (PD)
67–90, and Dlx5/6-GCaMP3 transgenic mice in which GABAergic neurons ex-
press a genetically encoded Ca2+ indicator, GCaMP3, of either sex were used
at PD 47–100. In addition, PV/myrGFP-LDLRct transgenic mice of either sexports 9, 1896–1907, December 11, 2014 ª2014 The Authors 1905
that express somatodendritic-membrane-targeted EGFP in PV-positive neu-
rons were used at PD 70–77. Details for the transgenic mice are described
in the Supplemental Experimental Procedures.
For the imaging experiments, the animals were anesthetized with urethane
(1.5–1.9 mg/g body weight), supplemented with additional doses of urethane
when necessary. The level of anesthesia was continuously monitored by
observing heart and respiration rates, which were not changed in response
to strong touch of the tail. The part of the skull and dura mater over the pri-
mary visual cortex were removed, and the exposed cortex was covered with
agarose. Additional details were described previously (Kameyama et al., 2010).
In Vivo Two-Photon Imaging
For imaging cells in VGAT-Venus mice and PV/myrGFP-LDLRct mice, bolus
loading of visual cortical cells was performed with fura-2-acetoxymethyl ester
(AM) (Invitrogen) and sulforhodamine 101 (SR101) (Invitrogen). Because the
excitation wavelengths of fura-2 and Venus/GFP are different, it is unlikely
that the Venus/GFP fluorescence affected visual responses of the fura-2-
loaded neurons, as reported previously (Sohya et al., 2007). In each animal,
images were obtained from seven to eight planes separated by at least
15 mm at the depth of 110–230 mm from the first detectable fluorescence-
positive surface of the visual cortex. After recording fluorescence signals,
the location of GABAergic neurons and astrocytes were identified by detecting
Venus/GFP and SR101 fluorescence, respectively.
GABAergic neurons in Dlx5/6-GCaMP3 were monitored by detecting
fluorescence of GCaMP3. In each animal, the imaging was performed in 12
planes separated by 10 mm at the depth of 90–210 mm from the surface of
the visual cortex. Additional details are described in the Supplemental Exper-
imental Procedures.
In Vivo Electrophysiology
Whole-cell voltage-clamp recordings of membrane currents were performed
from GCaMP3-negative neurons using the shadow-patch technique with the
excitation wavelength of 850 nm. IPSCs were recorded at the holding potential
of 0 mV with a Cs-based internal solution. Details for the recordings of mem-
brane currents are described in the Supplemental Experimental Procedures.
Visual Stimulation
Visual stimuli were presented on an LCD monitor 30 cm from the eye of the
animal. Square-wave gratings (0.05 cycle/deg; 10–20 deg/s) at 100% contrast
were moved on the monitor in either eight or 16 directions at 45 or 22.5 deg
steps, respectively. In two-photon Ca2+ imaging experiments, these eight or
16 patterns of 25 s visual stimuli (5 s before, 5 s during, and 15 s after the
presentation of each stimulus) were presented four times in a randomly shuf-
fled order. In in vivo whole-cell recording experiments, the visual stimulation
procedure was as follows: 1 s before, 1 s during, and 1 s after the presentation
of visual stimulus or 1 s before, 2 s during, and 2 s after stimulus presentation.
In case of recording of spontaneous IPSCs, 3 or 5 s blank period was pre-
sented instead of visual stimulation.
Data Analysis: In Vivo Two-Photon Functional Ca2+ Imaging
Cell regions in the images were identified with custom-made software. Fluo-
rescence signals of fura-2 and GCaMP3 were calculated as DF/F0 and DF/
F0, respectively, in which DF = F  F0. The baseline fluorescence intensity,
F0, was obtained by averaging the fluorescence intensities of the cell during
the prestimulus period. The response amplitudes at each of the eight or 16
direction angles of stimulus were defined as the mean values of the averaged
signals during the corresponding stimulus periods. Cells were defined as visu-
ally responsive when one of the response amplitude was larger than 2 SDs of
the baseline signals during the prestimulation periods. Additional details are
described in the Supplemental Experimental Procedures.
Spatial Analysis of Cell Density
The density of GABAergic neuron at a cell was estimated by calculating the
weighted cell-to-cell distance density (WCDD), which is the total sum of the
weighted distances between the target and other GABAergic neurons (see Fig-
ure 2A). The clustering of GABAergic neurons was assessed by comparing the
densities at the neurons to those at randomly located cells. We accepted the1906 Cell Reports 9, 1896–1907, December 11, 2014 ª2014 The Autclustering of GABAergic neurons when the density values at the neurons were
significantly (p < 0.05) higher than those at the randomized locations. Details
for identifying the location of cells and generating the randomized locations
are described in the Supplemental Experimental Procedures.
Data Analysis: In Vivo Voltage-Clamp Recording
The membrane currents recorded before, during, and after the presentation
of visual stimuli moving in the same direction were averaged over trials (two
to 12 trials per cell), and visually evoked IPSCs (eIPSCs) were computed as
eIPSC(t) = I(t) – IHOLD, where I(t) is the trial-averaged membrane current at
time t and IHOLD is the trial-averaged holding current in the prestimulus period.
The amplitude of the eIPSCwas defined as the peak amplitude of eIPSC during
the stimulus period. Spontaneous IPSC (sIPSC) events were detected from
single-trial membrane currents in the blank-stimulation periods (3 or 5 s) by
a template-matching algorithm (Clements and Bekkers, 1997). Only the events
with the peak amplitude >20 pA were included for further analysis of sIPSCs.
Immunohistochemistry
Details for immunohistochemistry for identification of SOM-positive inter-
neurons in PV/myrGFP-LDLRct mice and of GABAergic neurons in Dlx5/6-
GAaMP3 mice are described in the Supplemental Experimental Procedures.
Statistical Analysis
In the present study, the statistical analysis was carried out with the Wilcoxon
rank-sum test, unless otherwise mentioned.
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